. These include, with just one independent exception (4), all of the several thousand restriction endonucleases identified to date (5) . The majority of the restriction enzymes discovered by biochemical methods fall into the Type II category (6) . The Type II enzymes recognize specific sequences of 4-8 bp, though these are sometimes interrupted by a non-specific sequence of specified length, and cleave the DNA at fixed locations within or close to their recognition sites (7) (8) (9) . Most show their maximal activity with Mg
2+
, have lower activities with some metal ions such as Mn 2+ but have no activity with Ca 2+ (7, 9) , though some Type II enzymes deviate from the majority in this respect (10) .
In the absence of divalent ions, certain restriction enzymes bind DNA specifically at their recognition sites even though they cannot cut the DNA (11) (12) (13) . Others bind DNA non-specifically under these conditions, without significant selectivity for their recognition sites (14) (15) (16) (17) , while further systems show no detectable affinity for any DNA sequence without metal ions (18) (19) (20) . However, the enzymes that have either no detectable affinity for DNA in the absence of divalent metal, or no significant selectivity for their recognition sites, almost invariably show strongly enhanced affinities for their target sites in the presence of Ca 2+ (18, (20) (21) (22) (23) . Since first being applied to the EcoRV endonuclease (21) , Ca 2+ has been used extensively in both equilibrium binding and structural studies on enzyme-DNA complexes, not only with restriction nucleases but also with many other Mg 2+ -dependent enzymes acting on DNA (1-3). Moreover, with EcoRV, Ca 2+ was shown to be a 'nearperfect analogue' for Mg 2+ in DNA binding (24) . Restriction enzymes often contain at their active sites a partially conserved sequence motif, (E/D) . . . PD . . . (D/ E)XK, containing three carboxylates and a lysine (2, 25) . The carboxylates usually bind two metal ions: the metal used in the crystal structures of the enzyme-substrate complexes is normally Ca 2+ . Replacement of any one of these carboxylates with an alanine obliterates catalytic activity, but the resultant proteins often bind DNA more avidly than the wt (wild-type) enzyme, sometimes specifically at their recognition sites even in the absence of divalent metal ions (13, 16, 26, 27) . The enhancement in binding is most likely due to the removal of charge repulsion between the active-site carboxylates and the DNA phosphate at the scissile bond, as a similar effect can be obtained by lowering the pH to protonate the carboxylates (13, 22, 28) . Moreover, DNA binding by these catalytically inactive proteins can also be studied in the presence of the natural cofactor Mg 2+ (23, 24, 29) : like Ca 2+ with the wt enzymes, Mg 2+ can induce the mutants to bind specifically at their recognition sites.
Many Type II restriction endonucleases are dimeric proteins that interact symmetrically with palindromic recognition sequences (5-7), so that one active site is positioned to cleave one strand of the DNA and the second the complementary strand (2, 8, 9) . Such enzymes bind to individual copies of their recognition site and cleave each site in a separate reaction. However, a large number of the Type II enzymes are fully active only after binding two copies of the recognition sequence and are virtually inactive when bound to a single copy (30) (31) (32) (33) (34) . Some such enzymes, the Type IIE systems (6), use one copy of the site as an allosteric ligand to activate the catalytic reaction at the other copy (30, 33) . A Type IIE enzyme thus cleaves DNA with two sites by binding to both sites and looping out the intervening DNA (34, 35) before cutting just one site (36) . Other systems, the Type IIF enzymes, form tetramers with two identical DNA-binding clefts, but these become catalytically competent only when both clefts are filled with cognate DNA (20, (37) (38) (39) . Hence, the Type IIF enzymes also act on DNA with two sites by binding to both sites and trapping the intervening DNA in a loop, but they then usually cut both sites before dissociating from the DNA, without liberating intermediates cut at one site (36) (37) (38) (39) (40) (41) .
The archetype of the Type IIF systems, the first to be identified as tetrameric enzyme acting at two DNA sites, is the SfiI endonuclease (37) . In the presence of Mg 2+ , SfiI cleaves DNA at the sequence GGCCNNNN#NGGCC (where N indicates any base and # the point of cleavage) (42) . Without any divalent metal ion, it shows no detectable binding to DNA with this or any other sequence but, in the presence of Ca 2+ , it binds specific duplexes much more readily than non-specific DNA, forming complexes containing the tetramer bound to two duplexes (18) . The binding is highly cooperative: the complex with one duplex is not formed to a significant extent during the association and has virtually no activity (18, 39) . Even though SfiI cannot bind two duplexes in trans in the absence of metal ions, it can under these conditions trap loops on plasmids with two SfiI sites in cis, albeit only transiently as the loops dissociate rapidly (43, 44) . Conversely, in the presence of Ca 2+ , SfiI forms extremely stable loops on two-site plasmids that last for >> 7 h, much longer than the loops formed with other Type IIE and IIF restriction enzymes (35, 44) .
The complex of the SfiI nuclease bound to two DNA duplexes was crystallized in the presence of Ca 2+ (45) . Two subunits bind one duplex on one side of the tetramer and the other two the second duplex on the opposite side of the protein: each subunit contacts the specified base pair in one half of the recognition sequence. However, their active sites contain only one Ca 2+ ion and this is located too far away from the scissile phosphodiester to interact with it directly (Figure 1a ). This situation contrasts with that in a related restriction enzyme, BglI (Figure 1b) , which was also crystallized as a DNA-protein complex with Ca 2+ (46) . BglI is a dimeric enzyme that recognizes a truncated SfiI site, GCCNNNN#NGGC, but despite their dissimilar amino acid sequences, the monomers of BglI and SfiI have similar structures (47 The aim of this study was to determine the role of the metal ion in DNA binding by SfiI and the extent to which Ca 2+ can mimic Mg 2+ in this respect. This study also yielded an experimental system that is exploited in the following paper (48) to observe directly loop capture and release by SfiI on single DNA molecules. . The mixture of plasmids from this strain was subjected to site-directed mutagenesis of the gene for the SfiI nuclease by the QuikChange method (Stratagene), using primers that specified either the D79A or the D100A substitution. The resultant products were used to transform ER2353[pSYX33-SfiIM + ]. Plasmids were isolated from the transformants and the derivatives of pRRS-SfiIR + sequenced across the entire gene for the SfiI nuclease (University of Dundee Sequencing Service): no mutations other than those targeted were introduced.
MATERIALS AND METHODS

Mutagenesis
Proteins and DNA
Wt SfiI was purified from E. coli ER2238[pSYX33-SfiIM + , pRRS-SfiIR + ] as described previously (37) , as were also the D79A and the D100A proteins from strains carrying these mutations. SfiI concentrations were assessed from A 280 readings using the extinction coefficient for the tetrameric form of M r 124 176 (41) . Sedimentation equilibrium studies used a Beckman XLA ultracentrifuge as before (20) . Protein structures were analysed in INSIGHT II v2005 (Accelrys, San Diego).
The supercoiled form of the plasmid pGB1 (37) was purified as before (39) Oligodeoxyribonucleotides were obtained HPLCpurified from Sigma Genosys. They were annealed to give the duplexes in Table 1 by mixing equal concentrations of two oligonucleotides with complementary sequences in 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, heating to 958C and then cooling overnight to room temperature.
Enzyme assays
Activities of wt and mutant SfiI proteins were assessed by adding 10 ml enzyme-diluted to the requisite concentration in SfiI dilution buffer (37)-to 190 ml 3 H-labelled DNA in reaction buffer [10 mM Tris-HCl (pH 7.9), 50 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, 100 mg/ml BSA] at 508C. Aliquots (15 ml) were removed from the reactions at various times after adding the enzyme (one was removed before, the zero time-point) and mixed immediately with 10 ml Stop Mix (37, 41) . The samples were analysed by electrophoresis through agarose under conditions that separated the DNA substrate from the cleaved products and the concentration of each form at each time point determined by scintillation counting (36, 40) .
Gel retardation
Aliquots of SfiI protein (wt, D79A or D100A) in SfiI dilution buffer were added to HEX-35 (Table 1) , to HEX-21 or to a mixture of HEX-35 and HEX-21, to give 20 ml solutions that contained 5 nM SfiI tetramer and 10 nM duplex in Ca 2+ binding buffer [10 mM Tris-HCl (pH 7.5), 25 mM NaCl, 2 mM CaCl 2 , 5 mM bME, 100 mg/ml BSA]. After 30 min at room temperature, the samples were mixed with 10 ml 6.6% (w/v) Ficoll 400 in Ca 2+ binding buffer and applied to 8% polyacrylamide gels in 45 mM Tris-borate (pH 8.3), 2 mM CaCl 2 , as described previously (14, 39) . After electrophoresis, the gels were scanned in a Molecular Dynamics PhosphorImager with illumination at 532 nm: the emission from each HEXlabelled species was recorded though a 555 nm filter and analysed in IMAGEQUANT (Molecular Dynamics).
The displacement of labelled DNA from the SfiI protein (wt or D100A) was examined by first incubating for 30 min at room temperature 10 nM HEX-35 and 7.5 nM SfiI tetramer in Ca 2+ -binding buffer, before adding C-21 (Table 1 ) to a final concentration of 100 nM. The additions of C-21 to each sample of HEX-35 and SfiI protein were made at specified times before applying the samples to a polyacrylamide gel: the time intervals between the addition and gel-loading varied from 0.5 to 24 h. The amounts of bound and free HEX-labelled DNA were quantified as above. The changes in the concentration of each form of HEX-35 were analysed as a function of time by fitting to exponential functions in GRAFIT (Erithacus Software). Reaction schemes were modelled in BERKELEY MADONNA (http:// www.berkeleymadonna.com). (Table 1 ) and 25 nM SfiI protein in either Ca 2+ or Mg 2+ fluorescence buffers [10 mM Tris-HCl (pH 7.5), 25 mM NaCl, 5 mM bME and either 2 mM CaCl 2 or 2 mM MgCl 2 respectively]. After $5 min, C-21 was added to a final concentration of 500 nM. The emission was recorded before adding the C-21 and at 1-15 min intervals over the following 3 h: values are cited relative to that on adding the C-21. Parallel measurements were made on the enzyme alone, to correct for photobleaching of the Trp residues.
Fluorescence measurements over short time scales were recorded at 258C in a SF61-DX2 stopped-flow fluorimeter (Hi-Tech Scientific): excitation was at 290 nm and emission (in arbitrary units) observed through a cut-off filter that transmits wavelengths >455 nm. For each experiment, !5 transients were averaged. Association reactions were carried out by mixing Alexa-21 with an equal volume of SfiI protein, both in Mg 2+ or in EDTA fluorescence buffer (with 2 mM EDTA in place of MgCl 2 ). For the dissociation of Alexa-21 from the D79A protein, a solution containing 50 nM D79A and 100 nM Alexa-21 in Mg 2+ fluorescence buffer was mixed in the stopped-flow with an equal volume of 1 mM C-21. The subsequent decrease in the FRET signal was monitored.
RESULTS
Mutagenesis
In the crystal structure of the SfiI endonuclease bound to its recognition sequence in the presence of Ca 2+ (45) , the active site contains one Ca 2+ ion, but this is located too far away from the target bond for any direct role in phosphodiester hydrolysis ( Figure 1a ). The Ca 2+ is coordinated by Asp79 and Asp100 and by water molecules. In contrast, the crystal structure of BglI (46), a closelyrelated restriction enzyme, shows two Ca 2+ ions per active site, ideally positioned for phosphodiester hydrolysis, one of which is coordinated by the aspartate residues that are analogous to Asp79 and Asp100 in SfiI (Figure 1b ). Asp79 and Asp100 in SfiI correspond to the second and third carboxylates in the (E/D) . . . . PD . . . . (D/E)XK motif commonly found at the active sites of restriction enzymes. Hence, though Asp79 and Asp100 are too far away in the crystal structure for any direct role in catalysis, the crystal structure may reflect a precatalytic state (45) and that a metal bound to Asp79 and Asp100 may become involved in catalysis after conformational changes. To test this possibility, two mutants of the SfiI enzyme were constructed, in which Asp79 and Asp100 were replaced separately with alanine, to give D79A and D100A respectively.
The SfiI nuclease displays its optimal activity on DNA with two copies of its recognition sequence, in reactions with equimolar concentrations of enzyme and substrate (40, 43) . It interacts more readily with two sites in cis, on the same DNA, than with sites in trans, on separate DNA molecules (37,39), but excess enzyme over DNA leads to separate (inactive) tetramers of the enzyme at each site rather than a single (active) tetramer spanning two sites. The activities of wt SfiI and both the D79A and the D100A mutants were tested under these optimal conditions using as a substrate a 7.6 kb linear DNA with two SfiI sites separated by 1 kb (Figure 2 ). Linear rather than circular DNA was used so that the only products detected were those with double-strand breaks at one or both SfiI sites: products with single-strand breaks, of the sort made by non-specific nuclease contaminants, are not detected. Under these conditions, wt SfiI converted the entire DNA into the final product cut at both sites within 0.5 min, as expected (40) . In contrast, neither the D79A nor the D100A mutants gave any detectable cleavage, even after overnight incubations. Hence, Asp79 and Asp100 are both essential for catalysis by SfiI, and substituting these residues with alanine destroys activity.
Molecular weights for the D79A and D100A proteins were determined, in parallel with the wt enzyme, by sedimentation equilibrium in the analytical ultracentrifuge. MW values of 117, 116 and 112 kDa were obtained for the wt, the D79A and the D100A proteins, respectively (data not shown). The subunit MW for SfiI is 31 kDa so both the D79A and D100A proteins are, like the wt, tetramers. The D79A and D100A variants thus seem to be suitable systems with which to explore the effects of Ca 2+ and Mg 2+ on DNA binding by SfiI.
Association by gel shifts in Ca 2+
DNA binding by wt and mutant SfiI proteins was initially examined by the gel shift method. Two substrates of different lengths were used: HEX-35 and HEX-21 (Table 1) , 35 and 21 bp long, respectively. Both contained the recognition sequence for SfiI and carried at the 5 0 end of one strand a hexachlorofluorescein (HEX) moiety, so that after electrophoresis the labelled DNA could be detected by fluorescence imaging. Previous gel shift studies with wt SfiI had revealed DNA-protein complexes only with cognate duplexes and only in the presence of Ca 2+ (18, 39) . Under these conditions, the addition of wt SfiI to HEX-21, or to HEX-35, gave in each case a single retarded complex; the 21 bp complex was retarded less than the 35 bp complex (Figure 3) . However, when wt SfiI was added to mixtures of HEX-21 and HEX-35, it yielded-as before (18,39)-three complexes: one with the mobility of the 21 bp complex, another equivalent to the 35 bp complex and a third with intermediate mobility (Figure 3 ). 
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(a) SfiI Figure 1 . Active sites of (a) SfiI and (b) BglI. The crystal structures of SfiI and BglI, in their complexes with cognate DNA and Ca 2+ , both contain three carboxylates and a lysine: in SfiI (a), E55, D79, D100 and K102; in BglI (b), E87, D116, D142 and K144. Also shown in both (a) and (b) is the tri-nucleotide sequence centred on the scissile phosphate (marked with an arrow indicating the direction of the attacking nucleophile). The nucleotides and the side chains of the key amino acids are in 'stick' format (the DNA in green; the amino acids in yellow), with functional groups coloured as follows: red, oxygen; blue, nitrogen; purple, phosphorous. The sections of peptide main-chain included here are in 'ribbon' format: in brown for the residues noted above; in green for the remainder. The Ca 2+ ions are shown as non-bonded grey spheres: water molecules have been omitted. Data from the RCSB Protein Data Bank; accession codes 2EZV for SfiI and 1DMU for BglI.
The yields of the three complexes varied with the ratio of the two duplexes in a binomial manner. The most retarded complex must therefore be the SfiI tetramer bound to two 35 bp duplexes and the least retarded the tetramer with two 21 bp duplexes, while the intermediate carries one of each: these will be noted as EA 2 , EB 2 and EAB respectively.
Under the same conditions with Ca 2+ present, the addition of the D100A mutant of SfiI to either HEX-21 or HEX-35, or to mixtures of the two, gave the same series of retarded complexes as the native enzyme, as did also the D79A mutant ( Figure 3) . Hence, like wt SfiI, both mutants exist as tetramers that can bind two DNA molecules at the same time. Moreover, the concentration of tetrameric protein required to bind essentially the entire DNA preparations in the mixtures of HEX-21 and HEX-35 was one-half of the total DNA concentration (10 nM). Hence, in the presence of Ca 2+ , both mutant and wt proteins bind the duplexes with high affinities (K D << 10 nM).
Dissociation by gel shifts in Ca 2+
To measure the dissociation of DNA bound to SfiI in the presence of Ca 2+ ions, the enzyme-either wt SfiI or D100A-was first incubated with a labelled DNA that contained the recognition sequence (HEX-35): the labelled DNA was at a lower concentration than DNA-binding sites in the SfiI tetramer, to ensure almost all of it was bound. A 10-fold excess of an unlabelled DNA, that also had the recognition site (C-21: Table 1 ), was then added. The samples were analysed by electrophoresis through polyacrylamide to separate the various forms of the labelled DNA: the enzyme carrying two molecules of HEX-35, or one HEX-35 and one C-21, or free HEX-35 after its dissociation from the enzyme (Figure 4a ). The additions of the unlabelled DNA to the samples of the labelled DNA-SfiI mix were made at various times before loading the samples onto the gel, and the amounts of each form of HEX-35 evaluated at each time point tested (Figure 4b ).
When C-21 was added to wt SfiI bound to HEX-35, a small fraction (<10%) of the doubly-bound complex (Figure 4a ) was converted in <30 min to the hybrid complex, with one HEX-35 and one C-21, and to free HEX-35. However, virtually no further dissociation of the HEX-35 occurred over the following 24 h. This behaviour contrasts steeply with that observed after the addition of wt SfiI to a mixture of 21 and 35 bp DNA molecules, which gave close to a binomial distribution between the bound species (Figure 3 ), which in turn shows that the enzyme must have approximately equal affinities for the 21 and the 35 bp duplexes. Hence, the inability of the 21 bp DNA to displace the 35 bp duplex from wt SfiI cannot be due to too low an affinity. The binding of C-21 must instead be limited kinetically by the prior dissociation of HEX-35, which for wt SfiI with Ca 2+ must have a half-time (t ½ ) of >>24 h. Conversely, the addition of C-21 to the complex of D100A with HEX-35 led eventually to the displacement of about 90% of the HEX-35 from the mutant, the level expected given the 10-fold excess of C-21. However, the decline in the concentration of the species carrying two molecules of HEX-35 showed biphasic kinetics (the best fit to a single exponential decay deviated substantially from the data: Figure 4b ): about 33% of the decline occurred at a relatively rapid rate (1.4 Â 10 À3 s À1 , t ½ = 8 min) and the remaining 67% about 10 times more slowly (1.7 Â 10 À4 s À1 , t ½ = 68 min). If the dissociation rate is limited by a single step, for example
then the decline in the concentration of EA 2 will follow a single exponential (Supplementary Figure 1) . The simplest scheme to account for the biphasic decline is that it is governed by a slow equilibration between two forms of the EA 2 complex, so that one fraction of the decline in the concentration of the species with two HEX-35 molecules occurs at the relatively fast rate of the EA 2 ! EA step while the remainder is limited by the slower E Ã A 2 ! EA 2 transition (Supplementary Figure 1) . The partition between the fast and slow phases can then be assigned to the initial ratio of [ (Figure 4a ). However, Ca 2+ has a less severe effect on DNA binding by the D100A mutant of SfiI, as the dissociation from the DNA from the mutant proceeds to completion over a finite-albeit extended-time scale, the complete process taking $3 h.
FRET in Ca 2+
As in previous studies with EcoRV (17) , the dynamics of the interactions of the D100A and D79A proteins with DNA were characterized by FRET. The dye Alexa Fluor 350 was attached to the 5 0 end of a 21 bp DNA via a C 6 linker (Alexa-21: Table 1 ). Each subunit in the SfiI tetramer contains three Trp residues (45) and the fluorescence emission from tryptophan overlaps the excitation spectrum of Alexa Fluor 350. Following excitation of the Trps, the emission from the Alexa Fluor 350 will be enhanced whenever the dye on the DNA is located close to the Trp residues in the protein. A 21 bp substrate was used, rather than the 35 bp duplex, so that when the DNA is bound to the protein, the label is within energy transfer distance of the Trp residues in the adjacent subunit of the protein; it will be 25-40 Å away. However, an Alexa Fluor moiety attached to one end of the 21 bp DNA will be within 65 Å of the Trps in all four subunits, still inside the distance for at least some transfer, so the FRET signal will not necessarily vary linearly with the extent of binding. For example, the FRET signal from one bound Alexa-21 may be >50% of that from two, as a single dye may be able to capture >50% of the total energy transfer from all 12 Trp residues. Consequently, no attempt was made here to evaluate donor-acceptor distances from the amplitudes of the FRET changes and instead this signal was used solely to monitor the kinetics of DNA binding.
The FRET method was tested by first applying it to a reaction that had been characterized previously by gel retardation, the displacement of labelled DNA from D100A with an unlabelled competitor in the presence of Ca 2+ (Figure 5a ). The labelled DNA was Alexa-21 while C-21 was again employed as the competitor. The addition of the competitor resulted in a decrease in the emission from the Alexa-21 over a $3 h time period. The decrease followed similar kinetics to those for the decline in the concentration of the complexes with two labelled duplexes that had been measured by gel retardation (Figure 4 ). Both gave biphasic curves that could be fitted to double (but deviated from single) exponentials, with virtually the same parameters for both fast and slow phases: in both cases, $40% of the decline occurred at a relatively rapid rate (1.4 Â 10 À3 to 1.9 Â 10 À3 s À1 ) and $60% at a $10-fold slower rate (1.6 Â 10 À4 to 1.7 Â 10 À4 s À1 ). However, since the FRET signal may not be related linearly to the degree of saturation of the SfiI tetramer with Alexa-21, the biphasic decline in the fluorescence emission cannot be correlated to a reaction mechanism. Consequently, in all of the following, the changes in the FRET signal with time are related to a single rate constant, to indicate the overall time scale. For the dissociation of Alexa-21 from D100A in Ca
2+
, the best fit to a single constant gave a value of 5.4 Â 10 À4 s À1 (Figure 5a ). When the complex of the D79A variant of SfiI with Alexa-21 formed in the presence of Ca 2+ was challenged with excess C-21 (Figure 5b) , the FRET signal decreased over the same time scale, again taking $3 h to reach completion. In this case, unlike D100A, the double exponential fit was no significant improvement over the single-exponential scheme. The dissociation of DNA from D79A fitted best to a single rate constant, whose value (4.9 Â 10 À4 s À1 ) was similar to the single constant for the dissociation from D100A (5.4 Â 10 À4 s À1 ). Hence, while DNA bound to wt SfiI in the presence of Ca 2+ remains more or less glued to the protein forever, DNA bound to the D79A and D100A mutants can under these conditions dissociate from the protein, though the dissociation is slow: both mutant take $3 h to reach completion.
FRET in Mg 2+
When tested for DNA cleavage in the presence of Mg 2+ , neither the D79A nor the D100A mutants showed any detectable level of activity (Figure 2) . Provided their lack of activity is not due to an inability to bind DNA in buffers containing Mg 2+ , these variants might allow for an analysis of the effect of Mg 2+ on DNA binding by SfiI. To determine whether these proteins could bind DNA when Mg 2+ was present, varied concentrations of either mutant were mixed with Alexa-21 in the stopped-flow fluorimeter. Upon excitation of the Trp residues, any binding of the duplex to the protein should lead to enhanced emission from the Alexa-21. In all cases, an enhanced emission was observed. Both the rate and the amplitude of the increase varied with the protein concentration, higher concentrations leading to faster rates and larger amplitudes ( Figure 6 ). However, the amplitude reached its maximal value, when all of the Alexa-21 was bound, at a lower concentration of D100A (Figure 6a ) than of D79A (Figure 6b ). Hence, in Mg 2+ -buffer, the D100A protein has a higher affinity than D79A for cognate DNA. In addition, the rate of association at each concentration tested was faster with D100A than D79A. The variations in the rate with protein concentration indicate that, under these conditions, the bimolecular rate constant for DNA binding by D100A is of the order of 6 Â 10 8 M À1 s À1 while that for D79A is about 2 Â 10 8 M À1 s À1 . The effect of Mg 2+ on the dissociation of DNA from the D100A and the D79A proteins was examined by the same method as used for the dissociation in Ca 2+ ( Figure 5) , by using the FRET signal to monitor the displacement of Alexa-21 from the protein after adding an excess of an unlabelled competitor DNA, C-21 ( Figure 7) . For the D100A protein in Mg 2+ -buffer, the decrease in fluorescence again occurred over a 3 h time scale (Figure 7a ), similar to that in Ca 2+ -buffer (Figure 5a) . In marked contrast, the displacement of Alexa-21 from D79A in Mg 2+ -buffer occurred too rapidly to measure by manual mixing in a standard spectrofluorimeter. The decrease in fluorescence was monitored instead by using a stopped-flow device to add the competitor to the DNA-protein complex (Figure 7b ): the displacement was complete in <1 min.
The rate constant for dissociation from the D79A protein is thus very much faster in Mg 2+ (0.16 s À1 : Figure 7b ) than in Ca 2+ (4.9 Â 10 À4 s À1 : Figure 5b ), while the dissociation from D100A occurs at similar rates in Mg Fluorescence excitation was at 290 nm and emission observed at 438 nm: values cited are relative to that directly after the addition of C-21. In both panels, the decrease in emission with time was fitted to a single exponential decline (red line) and to a double-exponential (blue line), both with offsets. For D100A (a), the best fits were with the following parameters: single exponential, ÁF (change in relative fluorescence) = À0.17(AE0.01), k (rate constant) = 5.4(AE0.5) Â 10 À4 s À1 ; double exponential fast phase, ÁF 1 = -0.10(AE0.01), k 1 = 1.9(AE0.3) Â10 À3 s À1 ; double exponential slow phase, ÁF 2 = À0.13(AE0.01), k 2 = 1.6(AE 0.6) Â 10 À4 s À1 . For D79A (b), the best fits were as follows: single exponential, ÁF = À0.11(AE0.004), k = 4.9(AE 0.5) Â 10 À4 s À1 ; double exponential fast phase, ÁF 1 = -0.03 (AE0.01), k 1 = 7.8(AE3.4) Â 10 À3 s À1 ; double exponential slow phase, ÁF 2 = À0.10(AE0.004), k 2 = 3.8(AE0.5) Â 10 À4 s À1 .
cognate sequence with a lower affinity than D100A, due in part to a slower association rate but in the main to a much faster dissociation rate.
FRET in EDTA
In several restriction enzymes, mutations at the active site carboxylates enhance the affinity of the protein for DNA and allow for sequence-specific binding in the absence of divalent metal ions (13, 16, 23, 29) . To investigate whether this might also apply to SfiI, DNA binding and displacement experiments were carried in a buffer containing EDTA, to remove divalent metal ions. The DNA used here was Alexa-21 so that the existence-or otherwiseof a DNA-protein complex could again be detected by FRET. When the D79A mutant of SfiI was mixed with Alexa-21 in EDTA-buffer, an increase in FRET was noted (Figure 8a ). Both the rate and the amplitude of the increase were similar to those in comparable reactions in Mg 2+ -buffer (Figure 6b ): they again gave an association rate constant of $2 Â 10 8 M À1 s À1 . The D79A protein must therefore be able to bind DNA in the absence of divalent metal ions. However, when the complex formed between D79A and Alexa-21 in EDTA was challenged with excess C-21, the FRET signal declined rapidly (Figure 8b ), to give a fast rate constant for the dissociation step (Figure 5b ). Hence, even though D79A can bind DNA in the absence of metal ions, its affinity for DNA is lower than with either Mg 2+ or Ca 2+ present, as the faster dissociation rate creates a higher K D .
When added to Alexa-21 in EDTA, the D100A mutant of SfiI caused only a small increase in FRET, while wt SfiI gave no detectable change (Figure 8a) . Hence, at the concentrations tested, only a small amount of complex was generated with D100A, and seemingly none with wt SfiI. The D100A protein thus binds DNA very much more readily in the presence of divalent metal ions than in their absence while DNA binding by wt SfiI is undetectable without divalent metal ions. The latter concurs with previous gel-shift studies (18) , in which wt SfiI had bound specifically to its recognition sequence in the presence of Ca 2+ but showed no binding without divalent metals. . Reactions, in Mg 2+ fluorescence buffer at 258C, were carried out by first incubating together Alexa-21 and SfiI protein and then adding C-21: after the addition, the final concentrations were 50 nM Alexa-21, 25 nM protein and 500 nM C-21. In (a), the SfiI protein was D100A and the C-21 was added by pipette to a cuvette containing the other components: the subsequent change in fluorescence was recorded in a spectrofluorimeter over a 3-h period. In (b), the protein was D79A and the C-21 was added by using the stopped-flow fluorimeter: the subsequent change in fluorescence was recorded over a 1 min period. The red lines in both panels indicate the best fits to single exponentials, which gave rate constants of 4.1(AE0.4) Â 10 À4 s À1 for the dissociation from D100A (a) and 0.16(AE0.1) s À1 for that from D79A (b). Fluorescence readings are cited relative to that directly after the addition of the C-21. 
DISCUSSION
Enzymes that act on nucleic acids often need Mg 2+ or a similar metal ion for their catalytic reactions (1-3,7-9), though they generally (but not always: 10) in equilibrium binding studies, to promote DNA binding without catalysis (13, (18) (19) (20) (21) (22) (23) (24) and in structural studies, to give an inactive enzyme-Ca 2+ -DNA complex whose structure can be determined and which may reflect the structure of the transient enzyme-substrate complex with Mg 2+ (1) (2) (3) 45, 46) . The structures of nucleases bound to a nucleic acid and Ca 2+ often show two Ca 2+ ions at the active site, in appropriate positions to catalyse the hydrolysis of the target phosphodiester bond by a twometal-ion mechanism (1, 25) , though some contain the Ca 2+ ion(s) in inappropriate positions (45, 49, 50 (24) . Under the reaction conditions used for the binding studies reported here but with Mg 2+ present (40, 48) , the SfiI endonuclease binds rapidly to two recognition sites and proceeds to cleave the DNA at both sites within 30 s, to generate the enzyme-product complex. At 258C, the enzyme-product complex dissociates slowly and this limits the turnover rate of the enzyme to about 1 mol (two-site) DNA per mol enzyme tetramer per hour. [SfiI has a much higher turnover rate at 508C (40), the standard temperature for its reactions (42) .] As in previous studies (18) , the native enzyme failed to bind to its recognition site in the absence of divalent metals (Figure 8 ) but bound avidly to its cognate sequence in the presence of Ca 2+ ( Figure 3) . Hence, as with many other restriction enzymes, DNA binding by wt SfiI requires divalent metal ions. However, when the Ca 2+ complex was challenged with excess competitor DNA, the majority of the DNA already bound to the enzyme was still bound 24 h later (Figure 4a) . Even though the enzyme-product complex generated by cleaving the DNA in the presence of Mg 2+ has a remarkably long lifetime, about 1 h at 258C, the lifetime of the enzyme-substrate complex in Ca 2+ , >>24 h, is very much longer than that for any intermediate in the reaction pathway with Mg 2+ . The SfiI restriction enzyme thus binds DNA in the presence of Ca 2+ to give an aberrant complex that bears no resemblance, at least in kinetic terms, to any complex from its reaction pathway with Mg 2+ . It is tempting to speculate that the crystal structure of the SfiI-DNA complex formed with Ca 2+ reflects this aberrant complex as the metal ion and/or the DNA in that structure is out of position for catalysis (45) . Still, the indefinite stability of this enzyme-Ca 2+ -DNA complex accounts for why Ca 2+ blocked the native enzyme from releasing the loops it traps on plasmids with two SfiI sites, even after 7 h (44). This behaviour contrasts with that of another tetrameric restriction enzyme, Cfr10I: in the presence of Ca 2+ , DNA loops trapped on a plasmid with two Cfr10I sites were released in <2 min (44 though this rate is still much faster than that for wt SfiI with Ca 2+ . In the wt enzyme, Asp79 and Asp100 are the second and third carboxylates in the (E/D) . . . PD . . . (D/E)XK motif (Figure 1a) . Of the SfiI proteins tested here, only D79A bound DNA readily in the absence of divalent metal ions (Figure 8a ). Any electrostatic repulsion that might exist in the absence of metal ions between the active-site carboxylates and the DNA phosphates, of the type seen with BamHI and MunI (13, 22) , must therefore stem mainly from Asp79 rather than Asp100. Though the rate constants for the association of D79A with the SfiI recognition sequence were approximately the same in either the absence of divalent ions or in the presence of Mg 2+ , the equilibration between free and bound DNA occurs over highly extended time scales, too slow for practicable measurements.
The SfiI restriction endonuclease is now well established as a paradigm for DNA looping (31) but, for the wt enzyme with Mg 2+ , any loop that the enzyme might form on a DNA with two SfiI sites will be followed by DNA cleavage and the subsequent loss of the loop. In the presence of Ca 2+ , wt SfiI forms stable loops but never releases the loop (44, 48) , doubtless due to its infinitely slow dissociation from DNA ( Figure 4) . Consequently, wt SfiI with Ca 2+ cannot be used to examine the dynamics of DNA loop formation and breakdown. The catalyticallyinactive mutants tested here, D79A and D100A, also displayed slow dissociation rates from DNA in the presence of Ca 2+ (Figures 4 and 5) , so neither of these systems make suitable tests for DNA looping. However, the association and dissociation of the inactive mutants to/from the recognition sequence could be studied in the presence of Mg 2+ (Figures 6 and 7) . One of the inactive mutants, D100A, gave the same slow dissociation kinetics in Mg 2+ as it had in Ca 2+ , so the D100A protein with Mg 2+ remains inappropriate for looping dynamics. In contrast, Mg 2+ resulted in a relatively rapid dissociation of D79A from its recognition sequence, so D79A with Mg 2+ appears to be uniquely well-suited to the analysis of DNA loop formation and breakage by the SfiI restriction enzyme. The following paper (48) utilizes this system to explore the fundamental dynamics of DNA looping processes. Moreover, it is shown there (48) that, in the presence of Mg 2+ , the rate of loop formation by D79A is similar to that by wt SfiI, which shows that D79A is indeed a valid surrogate for the native enzyme in its DNA looping reactions.
